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I. INTRODUCTION
Micromagnetic simulations have evolved into an essential tool for the evaluation of new designs and concepts in magnetic recording media. The most efficient and common means to assess the magnetic switching properties of storage media is through the examination of M-H hysteresis loops. 1 Modeling such experimental data through the use of LandauLifshitz-Gilbert (LLG) simulations is often used to estimate the microscopic parameters associated with granular media, such as the saturation moment (M s ), uniaxial magnetic anisotropy (K), inter-grain exchange (A), and various distributions in these parameters. However, it has long been recognized that the ns time scales involved in typical LLG simulations are very many orders of magnitude smaller than the typical measurement times of many minutes. 2, 3 This is an important consideration at finite (e.g., room) temperatures where magnetic-grain switching is described by stochastic thermally assisted energy-barrier hopping involving an attempt frequency f 0 . Despite its popularity, fitting microscopic LLG media parameters based on comparisons of T ¼ 0 K simulations with room-temperature experimental M-H loops cannot be considered reliable.
There has been considerable effort to understand the impact of M-H loop sweep rate (R) at finite temperatures on the coercivity (H c ). Many of these involve semi-analytic reformulations of the Sharrock law, and all are restricted to the behavior of non-interacting particles, usually with the switching field applied only in the easy-axis direction. [3] [4] [5] Several other approaches include early work that combines an LLG calculation of the energy barriers with Monte Carlo (MC) simulations of the switching probability, which allows for a completely numerical prediction of the long-time coercive force. 6 More recently, MC or LLG simulations have been combined with nudged elastic band model to estimate these effects on single particles or grains of interacting exchange spring bi-layers, with fields applied in various directions. 7, 8 An alternative scheme has also been proposed, which is based on Arrhenius-Néel scaling of short-time hightemperature, LLG simulations of M-H loops to estimate long-time room-temperature switching behavior. 9 Lacking in these studies is a comprehensive exploration of direct micromagnetic modeling results for the sweep-rate and temperature dependence of H c for perpendicular recording media of current interest.
In the present work, LLG simulations of M-H loops performed on single-layer and exchange-coupled composite (ECC) granular perpendicular recording media from short time ($10 ns) to medium time ($1 ms) scales at four values of temperature. The field is applied either normal to the plane or at 45
in an effort to illuminate field-direction dependent effects relevant to recording head fields. Simulations are also obtained with and without inter-grain interactions. These numerical results are fitted to the Arrhenius-Néel/Sharrock type scaling model proposed by Feng and Visscher. 5 
II. MICROMAGNETIC SIMULATIONS
Simulations were performed using a commercial LLG simulator 10 with (for the single-layer case) 8 Â 8 Â 10 nm 3 grains on a 16 Â 16 square lattice with periodic boundary conditions. Finite temperature effects were included through the usual Langevin stochastic term with an Euler integration routine, damping factor a ¼ 0.1, and a time step of 0.2 ps. The saturation magnetization, perpendicular uniaxial anisotropy, and weak inter-particle exchange were assigned mean values M s1 ¼ 500 emu/cc, K 1 ¼ 3.5 Â 10 6 erg/cc, and A 1 ¼ 0.05 lerg/cm, respectively. Note that at 300 K, these parameters give K 1 V/k B T ¼ 58. The magnetization and anisotropy were assumed to have a Gaussian distribution characterized by a standard deviation of 10%. In addition, the direction of the grain anisotropy axes was also given a distribution of 3 . Magnetostatic interactions were included. These values are appropriate to model Co-Cr-Pt based recording media. We note that distributions in magnetic properties also serve to account for distributions in geometrical 4 Oe in steps of 500 Oe. Note that in order to be consistent with the usual scaling assumptions, magnetic degrees of freedom internal to the grains were assumed to be frozen so that M s and K were taken to be temperature independent. 12, 13 In the case of single-layer media, four kinds of simulations were performed: (1) with all interactions included, (2) no magnetostatics, (3) no inter-particle exchange, and (4) no magnetostatics or inter-particle exchange. 7 For ECC media, only simulations with and without magnetostatic interactions were made. A comparison of these results allows for the evaluation of inter-particle interactions (which are not accounted for in the Arrhenius-Néel theory) on the scaling of H c with T and R. Such interactions are omitted in analytic and semi-analytic Sharrock-like formulations of H c (T,R). Fig. 1 illustrates some example (half) M-H loops for single-layer media with the field applied normal to the plane at 300 K with and without magnetostatic interactions. The general shape of the loops is consistent with experimental data on high anisotropy CoCrPt-based perpendicular media. 14 We note that usual LLG simulations solutions that are based on a tolerance criterion (typically about 10 À4 in the magnetization vectors) yield loops that correspond to these results with R roughly between 1000 and 100 Oe/ns with a large H c $ 9.5 kOe. Omitting magnetostatic interactions from the simulations results in steeper slopes and larger coercivities, as has been previously observed in other magnetic systems. 7, 12 Simulations run on PC workstations for the long-time sweep rates (R ¼ 1 Oe/ns) took about four days to complete.
III. SINGLE-LAYER MEDIA
Corresponding results for the field applied at 45 to the media plane are shown in Fig. 2 . These loops exhibit the expected reduction in H c by about a factor of 3 and, notably, a reduced dependence on sweep rate. Omission of magnetostatic interactions has qualitatively the same general effect as in Fig. 1 . These loops also show asymmetry on the approach to saturation between positive and negative magnetization values (upper vs lower portions of the figure), also a feature of the Stoner-Wohlfarth model. 15 A summary of the sweep-rate dependence of H c with the field normal to the plane at 300 K for all four cases of interparticle interactions omitted or not is shown in Fig. 3 . Even at this moderate temperature, significant thermo-dynamic effects are seen with a 27% reduction in H c (all interactions included) over the five decades of R. Nearly logarithmic dependence is observed in all cases at the longer time scales (smaller R) with slopes, which are roughly comparable in magnitude. For the curves corresponding to no magnetostatic interactions, there appears to be non-logarithmic dependence at the shorter time scales. If magnetostatic interactions are included, there appears to be little impact of removing interparticle exchange (black vs green curves). Inter-particle exchange has a larger effect in the absence of magnetostatic interactions (red vs purple curves). The R-dependence of H c appears to be dominated by magneto-crystalline anisotropy, as is the value of H c itself.
Corresponding results for the field applied 45 to the plane normal are shown in Fig. 4 . In this case, there is a very significant reduction in the impact of sweep rate down to 19% over the five decades of R values. As in Fig. 3 , there appears to be little impact of inter-particle interactions on the rate of reduction. Note, however, that the overall effect of exchange interactions is negligible even in the absence of magnetostatic interactions. We believe this reflects the more dominant role played by domain rotation (compared to domain wall motion) as the field is applied further away from the easy axis. 15 Note also that in contrast with Fig. 3 , the nomagnetostatic case (red curve) shows nearly logarithmic behavior even at the shorter time scales.
Fig. 5 summarizes the R dependence of H c at all four temperatures for the field normal to the media plane, with and without magnetostatic interactions (exchange is included in both cases). A significant increase in sensitivity to dynamic effects is seen at elevated temperatures, as expected from Arrhenius-Néel-like behavior. Note also that interparticle interactions do not make a significant impact in the long-time behavior but there is not enough data to make a definitive conclusion on this point. Similar observations can be made regarding the simulation results summarized in Fig.  6 in the case of the field applied at 45 .
IV. ECC MEDIA
Commonly used in hard drives today, ECC media offers the advantage of similar thermal stability and recorded transition quality at a reduced switching field when compared to single-layer media.
14 With the larger number of magnetic parameters, micromagnetic modeling of experimental loops is more challenging. Results corresponding to those of the previous section on single-layer case are presented here on ECC media. Loops at the slowest sweep rate took about seven days to complete. Fig. 7 shows loops at 300 K for the field applied along the easy axis direction at the five sweep rates, with and without the magnetostatic interaction included. The overall coercivities are reduced, giving a nominal value of H c $ 6 kOe compared with the single-layer case where H c $ 9 kOe (for R between 1000 and 100 Oe/ns). The shapes of the loops are very similar to those of Fig. 1 , and similar results have been reported for experimental loops, suggesting similar recording characteristics.
14 Loops with the field at 45 shown in Fig omitting magnetostatic interaction is similar to that seen in Fig. 2 in the single-layer case. A summary of the sweep-rate dependence of H c corresponding to the ECC-media loops of Figs. 7 and 8 is given in Fig. 9 . As in Figs. 3 and 4 , the data exhibit near logarithmic behavior over the entire range of R values, except in the case of no magnetostatic interactions with the field along the easy axis. Another notable feature is the large difference in H c values with and without magnetostatic interactions only with the field at 45
. For single-layer media, a significant difference occurs at both directions of the applied field.
A comparison between the sweep-rate dependence of H c for single-layer and ECC media is shown in Fig. 10 at the four values of T and with all interactions included. A major conclusion from these results is that ECC media shows significantly less dependence on R than the single-layer case, consistent with expectations. 7, 8, 14 Although it is difficult to conclude with this limited data, the results on ECC media appear to show more non-linearity, at least at the lower temperatures, than the corresponding curves for the single-layer version. This point is quantified in the next section.
Shallower slopes are also seen in the ECC curves of Fig. 11 with the field at 45
, although there is less of a difference with the single-layer case than in Fig. 10 .
V. FENG-VISSCHER SCALING
Using a switching probability rate equation, Feng and Visscher 5 derive a closed-form set of equations for H c (T,R). The analysis is based on the assumption of identical noninteracting grains subject to a uniaxial anisotropy K with thermally activated switching governed by the Arrhenius law
involving the attempt frequency f 0 and energy barrier
where V is the grain volume, depending on the field direction. 16 Their analysis leads to the relation between H c and R and T given by the following set of equations:
where
These relations were shown to reduce to known results in various limits. The authors successfully fit these formulae to micromagnetic simulation results on a model recording media using a number of values for K but over a limited range of rather large R-values, from 2.5 to 40 kOe/ns, and with s and R 0 as fitting parameters, n is constrained to the value 3/2, and H 0 constrained to be H K /2. The temperatures at which the simulations were performed were not stated. We employ a somewhat different application of Eqs. (3)- (7) to fit to the micromagnetic results of the previous two sections. First, we use H K ¼ 2K 1 /M s (with K 1 given by the hard layer value in the ECC media case) and the StonerWolhfarth (SW) relation between H 0 and H K for a given angle u between the easy axis and field direction 16
In this work, u is set to 0 or 45 . However, we have also extended this result to account for the 3 angular distribution in the grain easy-axis directions. This reduces H 0 by factors of 0.86 and 0.50 in the cases of u ¼ 0 and 45 , respectively. 18 Next, we adopt the formulation of Wood 17 to set the value of the exponent n where an approximate formula is given (for a single SW grain) as a function of u by
with H 0 given by Eq. (8) . We have also extended this approach to account for the angular distribution. 18 When this is done, we find n ¼
. A best fit of the data (for each configuration described in Secs. III and IV), for the five values of R at each of the four values of temperature, was then made by adjusting f 0 individually for each temperature (yielding four fitted values for R 0 ). For ECC media, only the hard-layer parameter values were used in these formulae. If the concepts of SW switching Arrhenius scaling are applicable, the data from all 20 values of H c in each case studied should collapse onto a single curve. Fig. 12 shows the results of such a procedure in the single-layer case with all interactions included and the field normal to the plane (u ¼ 0 ). The procedure yielded f 0 values 23.9, 17.7, 16.4, and 18.0 GHz (with increasing T), giving an average f 0 ¼ 19 GHz. This value is consistent with analytic estimates, 19 and the scaling theory appears to fit the data well. Reasonably good fits were also obtained in the other cases studied (with and without exchange and magnetostatics) for single-layer media with u ¼ 0 but resulting in very different f 0 values for each case. For example, with no interactions, the average f 0 was found to be 6.4 GHz with goodness of fit parameter R 2 ¼ 0.999. In general, interactions appear to not have a big impact on the quality of our fitting procedure.
Significantly less satisfactory fitting of the micromagnetic results to this Arrhenius-type scaling was found in the case of the field applied at 45 , as shown in Fig. 13 . The resulting f 0 values spanned an exceedingly unphysical range from 2.7 Â 10 10 GHz to 550 GHz. A similarly poor fit was determined in the case of ECC media. For the field applied normal to the plane, the resulting f 0 values again were unphysical, ranging from 6.3 Â10 6 GHz to 58 GHz. Fig. 14 shows the resulting fit of all the data to the Feng-Visscher relation. Not surprisingly, the worst case was for ECC media with the field applied at 45
, as shown in Fig. 15 , exhibiting little relationship with the simple scaling assumptions. Fitted f 0 ranged from 1.1 Â 10 11 GHz to 380 GHz.
VI. DISCUSSION AND CONCLUSION
In this work, we have explored thermally activated magnetic grain switching through the study of the temperature and sweep-rate (R) dependence of the coercivity for high anisotropy perpendicular recording media. Micromagnetic simulations of M-H loops, which included distributions in the various material parameters, were performed on both singlelayer and ECC with the field applied either normal to the plane or at 45 at four temperatures and five sweep rates. One conclusion of these results is that the reduction of H c is roughly logarithmic in R for each case considered and is largely unaffected by inter-grain interactions. We also find significantly weaker dependence of H c on R with the field at 45
. A comparison of the two types of media shows that H c in dual-layer case exhibits notably less reduction as the sweep rate is made slower than for single-layer media. This reduced sensitivity implies an enhanced robustness of grain magnetization switching to thermal fluctuations.
We have also fit our simulation results for H c (T,R) to the Arrhenius-Néel/Sharrock type scaling model proposed by Feng and Visscher. 5 This procedure involved treating the attempt frequency f 0 as a fitting parameter at each of the four simulation temperatures. In the case of single-layer media with the field applied normal to the plane this yielded a reasonably good fit to the numerical data for all temperatures collapsed onto a single scaling curve, as predicted by the theory. For the field at 45 and for ECC media, the fits gave unphysical values for f 0 and global scaling was unsatisfactory.
The characterization of the dynamics of thermally assisted magnetization reversal remains a significant challenge but also a worthwhile goal. A more reliable means by which to use long-time experimental room-temperature M-H media loops as means by which to fit short-time microscopic modeling parameters would be valuable for use in recording models. 18 Full characterization requires agreement between the modeled results and experimental loops for the field applied in any direction. Simulations of the longer-term decay of recorded media transitions are even more of an issue. The present work has demonstrated that the use of procedures based on Arrhenius-Néel-type scaling to extract long-time behavior from short-time simulations may be useful only for single-layer media described in terms of a simple anisotropy-dominated energy barrier. 9 This may not be surprising given underlying assumptions of the Arrhenius law. Alternative approaches to brute-force micromagnetic modeling and simple scaling assumptions that are based on extensions of the SW model with Monte-Carlo-type simulations of switching appear to be more promising.
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